The structure of heptabismuth tritantalum octadecaoxide, Bi 7 Ta 3 O 18 , has been solved and re®ned using single-crystal X-ray diffraction data collected at a synchrotron source in conjunction with unit-cell and symmetry information derived from electron diffraction. The space-group symmetry is triclinic C1 but is very close to monoclinic C2/m. A twin component observed during data collection was successfully modelled in the re®nement. The C2/m prototype ®tted all the Rietveld-re®nable features of a medium-resolution neutron powder diffraction pattern. The metal-atom array is approximately face-centred cubic (¯uorite type), punctuated by regularly spaced displacement faults perpendicular to the [111]¯u orite direction every 2.5¯uorite unit cells. The metal-atom populations and O-atom positions are fully ordered. The Ta 5+ cations are octahedrally coordinated, with TaO 6 octahedra forming columns. The remaining O atoms occupy distorted¯uorite positions. The Bi 3+ cations occupy octahedral, square pyramidal or trigonal prismatic sites within the O-atom array; strain in the latter coordination environment appears to be responsible for the lowering of symmetry from monoclinic to triclinic.
Introduction
The high-temperature form of bismuth oxide, -Bi 2 O 3 , is one of the best oxygen-ion conductors known (Takahashi & Iwahara, 1978; Sleight, 1980) . It is reported as a face-centred-cubic (f.c.c.)¯uorite-type structure, with 25% average oxygen vacancies accounting for its anionic conduction properties (Gattow & Schro È der, 1962; Harwig, 1978) . The fact that -Bi 2 O 3 cannot be quenched to room temperature has created interest in bismuth-rich phases in binary oxide systems involving certain transition metal oxides. Phases in many of these systems appear to form modulated structures preserving both the underlying¯uorite-related substructure and the ionic conduction properties of -Bi 2 O 3 (Allnat & Jacobs, 1961 , 1967 .
One such system is the Bi 2 O 3 ±Ta 2 O 5 system, investigated in an X-ray powder diffraction (XRD) study by Levin & Roth (1964) and more recently in a transmission electron microscopy (TEM) study by Zhou (1992) . Zhou reported the new phase Bi 7 Ta 3 O 18 as a`type II*' commensurately modulated -Bi 2 O 3 -related (superstructure) phase.
In our recent reinvestigation of bismuth-rich phases in a number of binary oxide systems (Ling et al., 1998) , we reproduced the electron diffraction patterns reported for Bi 7 Ta 3 O 18 , but derived a unit cell apparently unrelated to that reported by Zhou. There was no unam-biguous¯uorite-type subcell underlying this unit cell, despite observation of a number of ostensibly¯uoritelike projections of the reciprocal sublattice. Synchrotron XRD data also showed a pseudo-¯uorite-type reciprocal lattice which could not be unambiguously indexed as uorite. It was concluded that while Bi 7 Ta 3 O 18 might contain structural elements of -Bi 2 O 3 , it must be too far removed from that prototype to be usefully described as a modulated variant thereof.
We have now synthesized Bi 7 Ta 3 O 18 as a single-phase powder in suf®cient quantities for the collection of neutron powder diffraction data. The greater relative contribution of O atoms to neutron scattering compared with their contribution to X-ray scattering provides an independent check on re®ned O-atom parameters. Crystals of suf®cient size for the collection of X-ray diffraction data at a synchrotron source have also been grown. Here we report and discuss the structure of Bi 7 Ta 3 O 18 .
Experimental

Single-crystal X-ray diffraction
Crystals of Bi 7 Ta 3 O 18 were grown by solid-state reaction of a mixture of Bi 2 O 3 (Koch±Lite, 99.998%) and Ta 2 O 5 (Aldrich, 99.99%) in a molar ratio of 17:8. The mixture was heated in a platinum crucible to 1473 K then cooled to 1123 K over 160 h before quenching to room temperature. Small transparent yellow plate-like crystals were formed on the surface of the specimen.
Single-crystal X-ray diffraction data were collected at the Photon Factory (KEK, Tsukuba, Japan) in order that the smallest possible crystals could be used, minimizing absorption and reducing the probability of twinning. Experimental details for the diffraction experiment are summarized in Table 1 . Xtal3.2 (Hall et al., 1992) was used for all calculations.
Electron diffraction and XRD indicated that the symmetry was probably monoclinic C2/m (Ling et al., 1998) . Strong twinning was observed against the monoclinic b axis in this setting, and some dif®culty was experienced in ®nding an untwinned crystal. Very small plates ($20 mm across and 1±2 mm thick) were found to be relatively twin-free. When ostensibly untwinned crystals were found, however, it was noted that the angles and , constrained to 90 in C2/m, in fact reproducibly deviated from 90 by approximately 0.08 and 0.05 , respectively. Furthermore, peak splitting was observed in high-angle 3 scans (principally along the b axis) corresponding to twinning against these slightly non-90 angles. On this basis it was concluded that the symmetry was in fact triclinic (C1 Å or C1). Although this twinning was never eliminated, the major twin component of the crystal ultimately chosen for data collection contributed approximately 95% of the total intensity. Because the majority of peaks were not split suf®ciently for separate data collection, data were collected using 1 -wide 3 scans in order that the full intensity from both components would be collected for all re¯ections.
An absorption correction was applied with the crystal approximated to a circular plate 20 mm in diameter and 2 mm thick (normal to the long axis a).
Powder neutron diffraction
A powder sample of Bi 7 Ta 3 O 18 was prepared by solidstate reaction of a mixture of Bi 2 O 3 (Koch±Lite, 99.998%) and Ta 2 O 5 (Aldrich, 99.99%) in a molar ratio of 7:3 in a platinum crucible at 1173 K for 0.5 h. The sample was quenched to room temperature, reground, annealed in a sealed platinum vessel at 1173 K for 168 h and again quenched to room temperature. A homogeneous pale-yellow powder was obtained and identi®ed as single-phase Bi 7 Ta 3 O 18 by XRD (Jungner XDC-700 Guinier±Ha È gg camera) (Ling et al., 1998) .
Powder neutron diffraction data were collected on POLARIS (Hull et al., 1992) , the high-¯ux mediumresolution instrument at ISIS (Rutherford Appleton Laboratories, UK). We sought the high-¯ux instrument POLARIS in order to use a small sample; we had experienced dif®culties obtaining a large, homogenous sample via the method described above. Experimental details for the diffraction experiment are summarized in Table 2 . The resolution was not suf®cient to observe the small triclinic splitting described in x2.1.
Re®nement
An initial model for the structure of the metal-atom array was obtained using direct methods on the singlecrystal data set in the high symmetry C2/m setting. Occupational and positional parameters were re®ned, and the metal-atom populations appeared to be fully ordered. On using difference Fourier syntheses to determine the O-atom positions it became clear that many peaks in the difference map were at plausible distances from metal atoms, but implausibly close to each other. It was possible to choose and re®ne a complete set of plausible O-atom sites, yet the re®nement statistics remained poor (R = 0.195) and the difference Fourier map retained many extraneous (plausible O-atom) peaks. This C2/m model was subsequently tested against the powder neutron diffraction pro®le by the Rietveld method using GSAS (Larson & Von Dreele, 1991) , in order to corroborate the re®ned O-atom positions. It was possible to re®ne all positional and isotropic displacement parameters without any signi®cant atomic shifts developing. The difference between the observed and calculated patterns at this point ( Fig. 1 ) appeared suf®ciently small that meaningful re®nement of further parameters (i.e. in lower symmetries) was considered unlikely.
Using this neutron-diffraction-re®ned C2/m model as a starting point for further single-crystal re®nement, the symmetry was lowered to each of the three maximal non-isomorphic subgroups C1 Å , C2 and Cm. However, the re®nement statistics improved only slightly, to R = 0.178, 0.175 and 0.147, respectively. These improvements were considered insuf®cient to justify the increased number of re®ned variables. It was necessary to lower the symmetry to C1 before the re®nement statistics improved dramatically, to R = 0.047, and the extraneous O-atom peaks in the difference Fourier map disappeared (equivalent positions: x, y, z; 1 2 + x, 1 2 + y, z). The origin in C1 was chosen such that the weighted average of the C1 sites Ta8 and Ta15 lies on the pseudo-C2/m 1 Å site. See x4 for further discussion of the use of the nonstandard space group C1.
The re®nement was further improved (R = 0.045) by modelling the $5% twin component observed during data collection as a mirror-related twin perpendicular to b. The volume of this twin component re®ned to 5.81 (16)% of the total volume. Comparative re®nement statistics for the various stages of the re®nement described above are given in Table 3 . Re®nement of anisotropic displacement parameters for the metal-atom sites gave R = 0.039.
The ®nal (C1) re®ned model gave a slightly improved ®t when tested against the powder neutron data (R p = 0.0426, R wp = 0.0321, 1 2 = 25.66 versus R p = 0.0455, R wp = 0.0342, 1 2 = 29.23). However, the large number of atomic variables involved in the C1 model (including 165 displacive parameters) made re®nement impractical.
Results
Final re®ned values for the fractional coordinates and U eq values of Bi 7 Ta 3 O 18 are given in Table 4 for the single-crystal X-ray (C1) re®nement. The C1 setting is used in order to emphasize the relationship with the C2/m parent structure; it may be transformed to the standard reduced P1 setting via the real-space transform a H = c, b H = b, c H = À 1 2 a À 1 2 b À c. Bond lengths for the re®ned C1 structure are given in Table 5 . The ®nal observed, calculated and difference powder neutron diffraction pro®les for the Rietveld re®nement in C2/m are shown in Fig. 1 .²
Discussion
The ®nal re®ned model (C1) from the single-crystal X-ray data is shown in Figs. 2(a) and (b) . The C2/m structure derived from the X-ray and neutron diffraction data is topologically equivalent to this C1 model, with atom positions differing by less than 0.25 A Ê . The structure is essentially`layered' perpendicular to the long (a) axis, as can be seen in these projections. The Ta atoms are coordinated in regular TaO 6 octahedra, which form columns along the [010] direction (Fig. 2b) . Octahedra within these columns are rotated through $10 about the [001] direction (Fig. 2b) . The coordination environments of the Bi atoms appear to be related to the cubic (eightfold) coordination found in¯uorite, distorted by the presence of TaO 6 octahedra such that the BiÐO bond lengths vary between 2.0 and 3.0 A Ê . Setting the maximum BiÐO bond length at 2.75 A Ê allows three distinct classes of site to be identi®ed: (i) Bi2, Bi3, Bi7, Bi13, Bi16 and Bi19 have distorted octahedral coordination; (ii) Bi11, Bi14, Bi17 and Bi20 are located on the basal planes of square (Bi11, Bi14) or pentagonal (Bi17, Bi20) pyramids; (iii) Bi1, Bi5, Bi9 and Bi10 are offset from the centre of trigonal prisms. Examples of each of these coordination polyhedra are shown in Fig. 3 .
Pyramidal and trigonal prismatic coordination environments are typically observed around cations with stereochemically active electron lone pairs, such as Bi 3+ . The archetypes are -PbO and SbCl 3 (or XeO 3 ), respectively (Hyde & Andersson, 1989) . The distorted 
² Supplementary data for this paper are available from the IUCr electronic archives (Reference: OS0006). Services for accessing these data are described at the back of the journal. octahedral sites also re¯ect the stereochemical in¯uence of the lone pair. Bond-valence sums (Brese & O'Keeffe, 1991) are given in Table 6 for both the C2/m and C1 re®ned models. The results are of a similar standard in both space groups, and do not immediately indicate the driving force behind the symmetry lowering. It is signi®cant, however, that for both models the Bi atoms in trigonal prismatic sites have bond-valence sums furthest from the expected value of 3.0. In C2/m, these four atoms are equivalent. Fig. 2(b) shows that in C1, Bi1 and Bi10 have broken the mirror plane perpendicular to b, and Fig. 2(a) shows that the twofold rotation axis about b now no longer maps the Bi1/Bi10 pair onto the Bi5/Bi9 pair. This is by far the most signi®cant deviation from C2/m symmetry in the ®nal re®ned C1 structure. The subsequent improvement in bond-valence sums is small and the breaking of symmetry may be more an indication of the instability of the coordination environment than the inherent stability of the lowersymmetry con®guration. Note that the mirror twin modelled in the re®nement is accomplished by simply exchanging the x coordinates of Bi1 and Bi10, whereas a twin against the twofold axis would involve a split of the Bi5/Bi9 pair rather than the Bi1/Bi10 pair. That the structure is closer to Cm than to C2 is also supported by the comparative re®nement statistics presented in Table  3 .
No other reasons for symmetry lowering could be found; there is no evidence of unfavourably short metal± oxygen or oxygen±oxygen contacts in the higher symmetry, nor does the regularity of the TaO 6 octahedra, in terms of either OÐTaÐO angles or TaÐO distances, appear to be compromised.
Although there is no unambiguous¯uorite-type subcell in the diffraction patterns of Bi 7 Ta 3 O 18 , a number of¯uorite-like patterns were obtained by electron diffraction (Ling et al., 1998) . The origin of these patterns can be seen in the real-space structure. Figs. 2(c) and (d) are equivalent to Figs. 2(a) and (b), respectively, but show only the metal-atom array and its nearest-neighbour connectivity. The continuous blocks have an f.c.c. (i.e.¯uorite) arrangement. Fluorite units therefore exist continuously throughout the structure, except at the x = 0 and x = 1 2 planes (perpendicular to the [111]¯u orite direction). Fluorite-type blocks are`stepped' on these planes, two adjacent metal layers forming a primitive hexagonal, rather than an f.c.c., array. These stacking faults make it meaningless (and effectively impossible) to relate a unique, average¯uorite-type subcell to the unit cell of Bi 7 Ta 3 O 18 in diffraction space, despite a strong and obvious relationship to a¯uorite substructure in real space.
Despite the relationship to¯uorite in the metal-atom array of Bi 7 Ta 3 O 18 , the projections shown in Fig. 2 are clearly the most important in terms of gaining an understanding of the real structure. That these projections bear no strong relationship to any¯uorite-like projections is a practical indication that Bi 7 Ta 3 O 18 Fig. 3 . The coordination environments of (a) Bi2, (b) Bi17 and (c) Bi1. should not be considered as a modulated -Bi 2 O 3related phase, but as a distinct structure type.
